Mechanical strain in neural tissues can lead to the upregulation and release of multiple cytokines including interleukin 6 (IL-6). In the retina, the mechanosensitive release of ATP can autostimulate P2X7 receptors on both retinal ganglion cell neurons and optic nerve head astrocytes. Here, we asked whether the purinergic signaling contributed to the IL-6 response to increased intraocular pressure (IOP) in vivo, and stretch or swelling in vitro. Rat and mouse eyes were exposed to non-ischemic elevations in IOP to 50-60 mmHg for 4 h. A PCR array was used to screen cytokine changes, with quantitative (q)PCR used to confirm mRNA elevations and immunoblots used for protein levels. P2X7 antagonist Brilliant Blue G (BBG) and agonist (4-benzoyl-benzoyl)-ATP (BzATP) were injected intravitreally. ELISA was used to quantify IL-6 release from optic nerve head astrocytes or retinal ganglion cells. Receptor identity was confirmed pharmacologically and in P2X7 À/À mice, acute elevation of IOP altered retinal expression of multiple cytokine genes. Elevation of IL-6 was greatest, with expression of IL1rn, IL24, Tnf, Csf1, and Lif also increased more than twofold, while expression of Tnfsf11, Gdf9, and Tnfsf4 were reduced. qPCR confirmed the rise in IL-6 and extracellular ATP marker ENTPD1, but not pro-apoptotic genes. Intravitreal injection of P2X7 receptor antagonist BBG prevented the pressuredependent rise in IL-6 mRNA and protein in the rat retina, while injection of P2X7 receptor agonist BzATP was sufficient to elevate IL-6 expression. IOP elevation increased IL-6 in wild-type but not P2X7R knockout mice. Application of mechanical strain to isolated optic nerve head astrocytes increased IL-6 levels. This response was mimicked by agonist BzATP, but blocked by antagonists BBG and A839977. Stretch or BzATP led to IL-6 release from both astrocytes and isolated retinal ganglion cells. The mechanosensitive upregulation and release of cytokine IL-6 from the retina involves the P2X7 receptor, with both astrocytes and neurons contributing to the response.
Mechanical strain to neurological tissues frequently leads to both inflammatory and protective responses (Corps et al. 2015) . The cytokine interleukin 6 (IL-6) is of particular relevance as it can mediate pathological or protective actions in neural systems depending on context (Erta et al. 2012 ). IL-6 can lead to neuroinflammation after traumatic brain injury (TBI) and cerebrospinal fluid levels of IL-6 correlate with pathological progression after TBI (Yang et al. 2013; Kumar et al. 2015) . However, IL-6 can also induce neurogenesis and protect neural cells after damage (Penkowa et al. 2003; Erta et al. 2012) . A better understanding of the pathways linking mechanical strain to IL-6 may help determine the mechanism for the shift of IL-6 from detrimental to protective actions.
The purinergic system has been implicated in regulation of IL-6 in several cell types including fibroblasts (Inoue et al. 2007) , skeletal muscle cells (Bustamante et al. 2014) , macrophages (Hanley et al. 2004) , and microglia (Shieh et al. 2014) . Purinergic signaling is particularly sensitive to mechanical strain, with ATP release accompanying increases in shear stress, stretch, and swelling (Praetorius and Leipziger 2009; Corriden and Insel 2010) . In neural tissue, ATP can be released through pannexin hemichannels in response to mechanical strain (Iglesias et al. 2009; Xia et al. 2012) . The release of ATP and stimulation of the P2X7 receptor is closely linked with inflammatory responses in non-neural cell types (Gombault et al. 2012) , leading to inflammasome activation and IL-1b release (Ferrari et al. 2006; Franceschini et al. 2015) . Of particular relevance is the priming and release of IL-6 in microglial cells in response to stimulation of the P2X7 receptor (Shieh et al. 2014) .
The retina provides an ideal model with which to examine the relationship between strain, purines, and IL-6 in neural tissue. Mechanical strain is experienced by neurons and glial cells in the retina when the intraocular pressure (IOP) rises during glaucoma (Sigal and Ethier 2009; Downs 2015) . Retinal ganglion cells are the most susceptible to neuropathological changes and death in response to elevated IOP, while the focal point for mechanical strain is the optic nerve head, with optic nerve head astrocytes identified as a critical intermediary (Hernandez 2000; Downs et al. 2008) .
Perturbed purinergic signaling is implicated in response to glaucoma and elevated IOP. For example, human patients with both acute and chronic glaucoma have elevated levels of extracellular ATP in ocular fluids (Zhang et al. 2007; Li et al. 2011) . Primate, rat and mouse models of sustained IOP elevation show elevated extracellular ATP (Lu et al. 2015) . These models also demonstrated increased expression of the ectoATPase ectonucleoside triphosphate diphosphohydrolase-1 (NTPDase1), previously identified to act as a marker for sustained elevation of extracellular ATP (Lu et al. 2007 ). The pressure-dependent ATP release from retina is inhibited by blockers of pannexin hemichannels and not linked to lactase dehydrogenase, suggesting it is a physiological response (Reigada et al. 2008) . Both optic nerve head astrocytes (Beckel et al. 2014) and retinal ganglion cells (Xia et al. 2012 ) release ATP through pannexin hemichannels when subjected to mechanical strain. This released ATP can autostimulate the P2X7 receptor in both cell types.
Alterations in cytokine IL-6 have also been recognized as an important response to elevated IOP. Levels of IL-6 have been detected in the aqueous humor of patients with chronic glaucoma (Chen et al. 1999; Zenkel et al. 2010) . In the hypertonic saline model of chronic IOP elevation, IL-6 was the most up-regulated gene in the optic nerve head tissue , while IL-6 was also elevated following transient elevation of IOP (Cepurna et al. 2008) . Several observations suggest IL-6 confers protection to retinal ganglion cells; exposure of isolated ganglion cells to high hydrostatic pressure in vitro led to apoptotic death that was attenuated by addition of recombinant IL-6 (Sappington et al. 2006) , and IL-6 increased both the number and the length of neurites sprouting from isolated retinal ganglion cells (Chidlow et al. 2012) . While these observations suggest IL-6 has an important role in the response to increased pressure, the signaling mechanisms linking the mechanical strain to the IL-6 response are largely unknown.
Given the link between mechanical strain, ATP release, and P2X7 receptor autostimulation in the retina, the connection between the purinergic signaling and IL-6 activation, and evidence implicating IL-6 in glaucoma, this study was based on the hypothesis that mechanosensitive stimulation of the P2X7 receptor was involved in the IL-6 response to elevated IOP in the retina. To distinguish between responses as a result of elevated IOP and those because of cell death, an in vivo model of acute but nonischemic IOP elevation was employed as studies indicate it is generally not lethal to retinal neurons (Abbott et al. 2014; Crowston et al. 2015) . Isolated optic nerve head astrocytes and retinal ganglion cells were also utilized to investigate the response in more mechanistic detail in vitro.
Methods

Animals
All experimental protocols were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania. The P2X7 knockout (P2X7 À/À protocol developed by John Morrison and colleagues (Morrison et al. 2010 (Morrison et al. , 2014 . Adult rats were given a prior dose of 2 mg/kg meloxicam and then deeply anesthetized with intraperitoneal injection of ketamine (80 mg/kg) and xylazine (10 mg/kg). Proparacaine (1%) was added to the ocular surface and one drop of Tropicamide (1%) was administered into each eye for pupil dilation. Once anesthesia had taken effect, one eye was cannulated with a 27 gauge shielded wing needle (Becton-Dickinson, Franklin Lakes, NJ, USA) inserted into the anterior chamber and connected to a 20 mL syringe filled with sterile phosphate-buffered saline. IOP was increased to 50 mmHg by positioning the syringe at the appropriate height (68 cm H 2 O) while the contralateral eye without cannulation served as a normotensive control. During the initial development of the model, IOP was calibrated with a TonoLab tonometer (Colonial Medical Supply, Windham, NH, USA) at the beginning and end of the elevation of the reservoir. As IOP was found to be remarkably consistent both throughout the 4 h of elevation and between animals, it was usually just measured at the end of the 4 h period during experiments to avoid excessive force on the needle tip inside the eye. The retina was carefully observed under an operating microscope to ensure that blood flow through the retinal vessels was maintained. After 4 h IOP elevation, pressure was returned to normal, the needle was removed and 0.3-1% gentamycin ointment or erythromycin (0.5%) was applied to the cornea. Animals were killed 20 h (i.e., 1 day) or 5 days later and the retina, including the optic nerve head material, was dissected.
Experiments were also performed on mice using procedures similar to those used for rat with parallels to those described by Crowston and colleagues (Crowston et al. 2015) . Mice were given a prior dose of meloxicam and then anesthetized with 1.5% isofluorane. IOP was increased to 50-60 mmHg for 4 h. Mice were killed immediately after the pressure was returned to baseline, or 20 h later. The contralateral eye without cannulation served as a normotensive control.
PCR array
Expression of mRNA for 84 rat interferons, cytokines, and interleukins in the retina was determined using the Rat Common Cytokine RT2 Profiler TM PCR Array (#PARN-021A; SABiosciences Corp., Frederick, MD, USA). Samples were processed according to the manufacturer's protocol. In brief, total RNA was isolated from the control and pressurized retinas using Trizol and RNeasy mini kit (Qiagen, Valencia, CA, USA), and RNA was quantified from optical density and purity determined (Nanodrop; Thermo Scientific, Inc., Wilmington, DE, USA). Total RNA (1 lg) was reverse transcribed using genomic DNA elimination and RT Quantitative PCR RNA was processed as above. Quantitative PCR (qPCR) was carried out using Power SYBR Green master mix with primer pair sequences shown in Table 1 , using the 7300 Real-Time PCR System. Data were analyzed using the delta-delta CT approach, with results expressed as fold change in gene expression in eyes with elevated IOP versus control samples (2 ÀDDCt ) using an unpaired t-test as described recently (Lu et al. 2015) .
Intravitreous injection
Intravitreal injections were performed as described under a dissecting microscope with a micropipette connected to a microsyringe (Drummond Scientific Co., Broomall, PA, USA). The glass pipette filled with drug was passed through the superior nasal region of sclera into the vitreous cavity at a point approximately 1 mm from the limbus. The total volume injected was 5 lL over a 30 s time period. P2X7 receptor antagonist Brilliant Blue G (BBG, 0.8%) was dissolved in sterile saline and injected 1-3 days before IOP elevation. To examine the effects of P2X7 stimulation, LongEvans rats were injected with either 2 lL of 250 lM P2X7 receptor agonist BzATP or sterile saline. Rats were killed and the retina dissected, with total RNA isolated from the retina and processed as described above.
Immunoblots Immunoblots were processed as described (Guha et al. 2013) . In brief, whole retinas were washed twice with cold phosphatebuffered saline and lysed in radioimmunoprecipitation assay buffer containing 50 mM Tris-HCl, 150 mM NaCl, protease inhibitor cocktail (Complete; Roche Diagnostics, Mannheim, Germany), 1% Triton X-100, 0.1% sodium dodecyl sulfate, and 10% glycerol. Samples were sonicated and cleared by centrifugation (10 000 g) for 10 min at 4°C, with protein concentrations determined using a bicinchoninic acid Protein Assay (Pierce, Rockford, IL, USA/ ThermoFisher). Protein was separated using conventional sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and processed using standard immunoblot protocols (Lu et al. 2015) . Blots were incubated with a monoclonal antibody to rat IL-6 overnight at 4°C (1 : 1000; R & D Systems, Minneapolis, MN, USA, # MAB5061), followed by incubation with anti-mouse IgG conjugated to horseradish peroxidase (1 : 5000; Amersham Biosciences Corp., Arlington Heights, IL, USA) at 23°C for 1 h and developed by chemiluminescence detection (ECL detection system; Amersham Biosciences Corp.). The ImageQuant LAS 4100 imager and Image Quant software (Both GE Healthcare Lifesciences, Pittsburgh, PA, USA) were used to detect and quantify the intensity of the specific bands. Western blots were performed 3-4 times each.
Optic nerve head astrocytes Primary rat optic nerve head astrocyte cultures were grown as described (Beckel et al. 2014) based upon a protocol modified from Mandal et al. (2009) . The optic nerve head tissue proximal to the sclera in rat pups up to post-natal day 5 was digested for 1 h in 0.25% trypsin. Cells were grown in medium comprised of Dulbecco's minimal essential medium/F12, 10% fetal bovine serum, 1% penicillin/streptomycin, and 25 ng/mL epidermal growth factor and used up to passage 5. Cell identification was performed with glial fibrillary acidic protein immunostaining as described (Beckel et al. 2014) . For stretch experiments, astrocytes were seeded on a silicon substrate (Silastic; Specialty Manufacturing, Saginaw, MI, USA), bathed in isotonic solution (in mM; 105 NaCl, 5 KCl, 4 NaHEPES, 6 HEPES acid, 1.3 CaCl 2 , 5 glucose, 5 NaHCO 3 , 60 mannitol, and 0.25 MgCl 2 pH 7.4). Cells were subjected to a 5% equibiaxial strain at 0.3 Hz for 2 min using a specially designed pneumatic piston as described (Winston et al. 1989; Beckel et al. 2014) . Cells were exposed to 30% hypotonic solution (isotonic solution diluted with dH2O) for swelling experiments with BBG (Sigma, St Louis, MO, USA), A839977 (Tocris/BioTechne) or (4-benzoyl-benzoyl)-ATP (BzATP) (Sigma Corp.) for 4 h at 37°C before RNA was extracted as detailed above. Samples of the extracellular media were taken before and after stretch or BzATP and stored at À80°C. The release of IL-6 from astrocytes was then measured by Rat IL-6 Quantikine @ ELISA kit (#R6000B; R & D Systems) following manufacturer's instructions, with data acquired using a 96-well plate reader SpectraMax M5 (Molecular Devices, Palo Alto, CA, USA).
IL-6 release from isolated retinal ganglion cells
Isolation of retinal ganglion cells was performed using the immunopanning procedure as described Xia et al. 2012) . Isolated retinal ganglion cells were seeded onto 0.1% poly-L-lysine (Peptides International, Louisville, Kentucky, USA) and 1 lg/mL laminin coated coverslips or elastic silicone sheeting in stretch chambers and cultured at 37°C with 5% CO 2 . Attached cells were bathed in 750 lL of isotonic solution including 100 lM of the ectoATPase inhibitor bc methylene ATP, and stretched by application of 20 mmHg of pressure resulting in a 4.1% deformation strain (see Xia et al. 2012 for detail) . Pressure inside the stretch chamber was increased to 20 mmHg for 4 min, returned to 0 mmHg for 1 min and the cycle repeated three times for a total duration of 15 min. Immediately following stretch, a 250 lL sample of the extracellular solution was collected from the center of the stretch chamber. Stretch did not induce release of lactose dehydrogenase. IL-6 levels were determined with the rat antibody cytokine array following manufacturer's instructions (R & D Systems), as described in detail in a recent publication (Lim et al. 2016) . In brief, IL-6 levels were quantified by incubating the membrane in Streptavidin-horseradish peroxidase followed by chemiluminescent detection reagents (GE Healthcare). The production of light corresponding to levels of bound cytokine was determined with ImageQuant LAS4000 and the intensity of each spot was measured using ImageQuant TL analysis software (all GE Healthcare). Results represent four independent trials of stretch or BzATP experiments, each performed in duplicate.
Data analysis and study design Data are reported as mean AE standard error of the mean. Statistical analysis used a one-way ANOVA with appropriate post hoc test, or a paired Student's t-test when comparing eyes from the same animal. Results with p < 0.05 were considered significant. When data were not distributed normally, analysis on ranks was performed. All statistical analysis was performed using SigmaStat software (Systat Software Inc., San Jose, CA, USA). The number of experimental repeats was determined in part by sample size calculations and power analysis. Data within two standard deviations of the mean were included unless accompanied by signs of animal distress or unexpected deviation. Analysis was performed in a masked fashion where appropriate.
Results
Pressure-dependent elevation in message for IL-6 Initial experiments to screen for cytokine pathways activated in vivo by transient elevations in IOP were determined using a cytokine PCR Array. IOP in one eye of a rat was raised to 50 mmHg for 4 h. Although this is considerably above the baseline IOP levels of 12.8 mmHg in the conscious Sprague-Dawley rat (Cabrera et al. 1999) , this increase did not prevent blood flow through the retinal vessels. Similar transient rises in IOP have been found to induce minimal permanent damage (Zhi et al. 2012; Abbott et al. 2014; Crowston et al. 2015) . qPCR analysis indicated no rise in pro-apoptotic genes, although expression of the early stress-response ATF3 was increased, consistent with findings in the hypertonic saline model ) ( Figure S1 ).
To obtain an objective measure of the cytokine response to transient pressure elevation, retinal gene levels were examined 20 h after IOP returned to baseline using a cytokine PCR array. Analysis showed nine genes with a > 2-fold change in expression levels between the pressurized and control rat retina (Fig. 1a and b) . IL-6 showed the greatest rise, with a 29-fold increase. IL1rn, IL24, Tnf, Csf1, and Lif were also elevated more than twofold. Three genes, Tnfsf11, Gdf9, and Tnfsf4, were down-regulated more than twofold.
Given that IL-6 was the gene altered most using the cytokine gene array, results were confirmed using traditional qPCR. IL-6 was elevated 16.9-fold in eyes with increased IOP as compared with contralateral eyes (Fig. 1c) . This substantial increase measured using qPCR strongly supported the result from the PCR array suggesting that expression of IL-6 was increased in retinas exposed to transient elevations in IOP.
Purines and IL-6 expression in vivo As purinergic signaling has been repeatedly implicated in retinal cells exposed to elevated IOP (Reigada et al. 2008; Sanderson et al. 2014) , expression of gene ENTPD1 was examined. ENTPD1 codes for the ectoATDPase NTPDase1, which was previously identified as a possible marker for sustained rises in extracellular ATP (Lu et al. 2007) . Increased levels of the gene ENTPD1 and protein for NTPDase1 were triggered by sustained exposure to ATP. Levels of NTPDase1 protein were elevated in parallel to extracellular ATP concentrations in rat, mouse, and primate models of chronic IOP elevation (Lu et al. 2015) . In material from rat retinas obtained both 1 and 5 days after transient IOP elevation, ENTPD1 was up-regulated (Fig. 2a) , suggesting levels of extracellular ATP were elevated after moderate IOP elevation.
A considerable body of past work implicates autostimulation of the P2X7 receptor following the mechanosensitive release of ATP in the retina (Zhang et al. 2006; Reigada et al. 2008; Xia et al. 2012; Beckel et al. 2014) , and recent work demonstrates P2X7 receptor stimulation leads to IL-3 responses in isolated retinal ganglion cells (Lim et al. 2016) . As stimulation of P2X7 receptors by ATP has been associated with the up-regulation of IL-6 in microglia cells (Shieh et al. 2014) , the role of the P2X7 receptor in mediating the pressure-dependent rise in IL-6 was examined.
Initial involvement of the P2X7 receptor was determined using antagonist BBG. While BBG can act at other P2X receptors (Bo et al. 2003) , it is well tolerated in the eye (Totan et al. 2014) . In addition, the blue color of the compound enabled the retinal distribution of the antagonist to be more accurately determined (Fig. 2b) ; material from the targeted retina was preferentially analyzed. The pressuredependent increase in IL-6 mRNA was blocked by intravitreal injection of 0.8% BBG 1-3 days before the IOP rise (Fig. 2c ). Levels were compared to the rise seen in pressurized eyes injected with only saline, to control for any injection artifact. Immunoblots confirmed that IL-6 protein was also increased in the retina following a rise in pressure (Fig. 2d) . Changes in protein level paralleled those of mRNA, with IOP rise leading to an increase in IL-6 protein that was prevented by BBG (Fig. 2e) .
To determine whether stimulation of the P2X7 receptor was sufficient to trigger up-regulation of IL-6, agonist BzATP was injected intravitreally (2 lL, 250 lM) with sterile saline injected into the contralateral eye and levels of IL-6 mRNA present in the retina 24 h later were determined. Retinal IL-6 expression was increased fourfold by the P2X7 receptor agonist BzATP in the absence of any changes in IOP (Fig. 2f) .
Involvement of purines in the response to elevated IOP was further probed by examining expression of certain receptors. Receptor genes P2RX7 and ADORA3, coding for the adenosine A3 receptor, were elevated in many retinas examined after 1 day, but considerable variation meant the rises were not significant ( Figure S2 ). Genes P2RX4 and P2RY6 for purinergic receptors were increased 1 day, but not 5 days after IOP elevation. While the precise contribution of these receptors remains to be determined, their increased expression is consistent for mechanosensitive purinergic signaling. (a) Expression of ectoATPase gene ENTPD1 was elevated 1 day after increase in intraocular pressure (IOP) to 50 mmHg for 4 h (Pressure, *p = 0.033, N = 10). ENTPD1 remained elevated 5 days after the procedure (*p = 0.004, N = 8). (b) The distribution of P2X7 antagonist Brilliant Blue G (BBG) in the retina 1 day after intravitreal injection. The staining pattern suggests distribution of BBG through the vitreal cavity to the retina was restricted. A similar staining pattern remained in retinas examined 6 days after injection. (c) The pressure-dependent rise in IL-6 mRNA was substantially decreased following injection of BBG. Data are expressed as relative gene expression in the pressurized versus non-pressurized retina for eyes injected with 0.8% BBG or saline 1-3 days before the moderate elevation of IOP to 50 mmHg for 4 h. N = 6-9. *p < 0.004 saline pressurized versus non-pressurized; *p < 0.013 saline pressurized versus BBG pressurized. (d)
Representative immunoblots from whole retina lysates probed for IL-6 (22 kDa) and housekeeping protein GAPDH (GAP, 37 kDa). Expression of IL-6 is greater in the eye subject to the moderate IOP increase (Pr) treated with saline as compared to the contralateral nonpressurized control eye, but this pressure-dependent increase is reduced after injection with BBG. (e) Summary of relative protein expression from experiments illustrated in C quantified with densitometry; N = 4-5. *p < 0.001 saline pressurized versus non-pressurized; *p < 0.035 saline pressurized versus BBG pressurized. (f) P2X7R agonist BzATP was sufficient to increase levels of IL-6 mRNA in the retina 1 day after intravitreally injection (250 lM, 2 lL per eye), N = 5, *p = 0.021. (g) In wild-type C57Bl6J mice, transient elevation of IOP to 60 mmHg for 4 h (Pressure) raised retina levels of IL-6 mRNA. N = 7, *p < 0.001. (h) In P2X7 knockout mice, the same elevation in IOP did not significantly increase levels of IL-6. N = 6.
Pressure-dependent up-regulation of IL-6 absent in P2X7 knockout mice Further confirmation of the role of the P2X7 receptor in the pressure-dependent rise in IL-6 was provided with P2X7 knockout mice. Elevating the IOP of wild-type C57Bl6J mouse eyes to 60 mmHg for 4 h led to a rise in IL-6 levels analogous to that observed in the rat eye (Fig. 2g) . In mice missing the P2X7 gene, however, this rise in IOP did not significantly change IL-6 levels (Fig. 2h) . This supported the pharmacological identification, while also demonstrating the response occurred in multiple species.
IL-6 up-regulation and release from optic nerve head astrocytes In vitro experiments from isolated cells were pursued to enable identification of specific cell types and better control of pharmacological manipulation. Optic nerve head astrocytes undergo multiple changes in response to the mechanical strain in glaucoma (Hernandez 2000) . As we have previously found that stretch of these astrocytes leads to the release of ATP through pannexin hemichannels and subsequent autostimulation of P2X7 receptors (Beckel et al. 2014) , the mechanosensitive response of IL-6 in these astrocytes and the contribution of the P2X7 receptor was examined.
Isolated rat optic nerve head astrocytes expressed glial fibrillary acidic protein, confirming the identity of the cultured cells (Fig. 3a) . Astrocytes were plated on a silicone substrate and subjected to a 5% equilateral strain at 0.3 Hz for 4 h, followed by a 20 h break before RNA was extracted to increase parallels to in vivo experiments. Levels of IL-6 mRNA were increased twofold in stretched astrocytes as compared to controls (Fig. 3b) . Unstretched astrocytes exposed to 50 lM BzATP for 4 h also demonstrated a twofold rise in IL-6, suggesting the P2X7 receptor was sufficient to trigger the rise in IL-6 mRNA expression (Fig. 3c) as found in vivo. An analogous rise in IL-6 was produced by swelling astrocytes with a 30% hypotonic solution for 4 h (Fig. 3d) ; this rise in IL-6 mRNA was prevented by P2X7 receptor antagonists BBG and A839977 (Fig. 3d) .
To confirm the contribution of the P2X7 receptor, the rise in IL-6 expression in optic nerve head astrocytes isolated from C57Bl6J mice and P2X7 knockout mice was compared. Swelling cells from wild-type mice induced a significant increase in IL-6 expression (Fig. 3e) . In contrast, astrocytes isolated from P2X7 À/À mice showed a drop in the IL-6 expression with swelling.
IL-6 released from optic nerve head astrocytes
While the ability of P2X7 receptors to trigger the upregulation of IL-6 mRNA in vivo and in vitro implied an increased involvement of the cytokine, the ability of the receptor to trigger release of IL-6 was also tested.
Measurement of IL-6 levels in the bath surrounding the astrocytes using an ELISA assay demonstrated that the cytokine was released into the bath after stretch (Fig. 3f) . Exposure of astrocytes to agonist BzATP also led to a substantial release of IL-6 (Fig. 3g) . Cytokine release in many cell types is mediated by increases in intracellular calcium; for example, the release of IL-6 from spinal cord astrocytes is calcium dependent (Codeluppi et al. 2014) . To confirm optic nerve head astrocytes experience a rise in calcium upon swelling, levels were monitored with indicator Fura-2. The rise in calcium was rapid and reversible (Fig. 3h) . To determine whether this response was dependent upon autostimulation of the P2X7 receptor, the ability of BBG to antagonize this rise was examined. Pretreatment of astrocytes with blocker BBG eliminated the rise in calcium, implicating autostimulation of the P2X7 receptor, and consistent with a role for calcium in the release.
IL-6 released from isolated retinal ganglion cells
Although the above experiments clearly indicate that mechanical strain and stimulation of the P2X7 receptor can lead to release of IL-6 from optic nerve head astrocytes, immunostaining indicated that retinal ganglion cells expressed high levels of IL-6 (Fig. 4a) . The staining pattern was particulate, consistent with IL-6 stored in vesicles. As such, the ability of retinal ganglion cells to release IL-6 was tested. As ganglion cells in situ are intertwined with various other cell types, a two-step immunopanning procedure was used to isolate retinal ganglion cells (Fig. 4b) ; previous analysis indicates that > 98% of cells obtained in this way are ganglion cells (Zhang et al. 2006) . The purified cells were plated on a silicone substrate and, once attached, a 4.1% deformation strain was applied to stretch the cells for 4 min. Cells were then returned to baseline for 1 min, with the stretch cycle repeated two more times. There was a significant increase in extracellular levels of IL-6 released into the bath after this stretch period (Fig. 4c) . Analogous trials indicate that stimulation of the P2X7 receptor with BzATP also released IL-6 from isolated retinal ganglion cells (Fig. 4d) . Attempts to process RNA from these isolated ganglion cells were unsuccessful, precluding examination of IL-6 expression. However, application of BzATP led to a rapid increase in intracellular calcium in isolated retinal ganglion cells (Fig. 4e) ; the response was rapid, reversible, and repeatable.
Discussion
The signaling pathways linking mechanical strain to inflammation play an important role in the cellular response to stress. This study implicates the P2X7 receptor for extracellular ATP in the mechanosensitive up-regulation of cytokine IL-6 in the retina. In vivo data demonstrate IL-6 mRNA was substantially up-regulated after a transient elevation of IOP in the rat retina, with the P2X7 receptor antagonist BBG preventing the up-regulation of both IL-6 mRNA and IL-6 protein in retinal tissue. The transient rise in IOP increased IL-6 expression in the retina of wild-type mice but not in P2X7 knockout mice, further implicating the P2X7 receptor and demonstrating the effect was not species dependent. In isolated optic nerve head astrocytes, IL-6 expression was increased by stretch, swelling, and directly by the P2X7 agonist BzATP. The swelling induced rise in IL-6 in astrocytes was prevented by two different P2X7 antagonists. In addition, both astrocytes and retinal ganglion cell released IL-6 in response to agonist BzATP or to mild stretch. Together, these data identify a role for the P2X7 receptor in the mechanosensitive IL-6 response of neurons and astrocytes in the retina. 
Signaling pathways linking mechanical strain to IL-6
The intracellular signaling pathways linking mechanical strain to the IL-6 response can be at least partially described by integrating previous findings with the results of this study (see also the Graphical Abstract). Increased pressure in the whole retina, or mechanical strain to either optic nerve head astrocytes or retinal ganglion cells leads to ATP release through pannexin hemi-channels (Reigada et al. 2008; Xia et al. 2012; Beckel et al. 2014) . Release from astrocytes is partially dependent on Rho kinase, consistent with a mechanosensor-like TRPV4 as in other ocular cells (Shahidullah et al. 2012; Jo et al. 2015) . In both astrocytes and retinal ganglion cells, the released ATP autostimulated P2X7 receptors on the same cell type. This study clearly implicates the P2X7 receptor in the IL-6 response to mechanical strain. The P2X7 antagonist BBG prevented the rise in IL-6 expression in vivo, while BBG and a second antagonist A839977 prevented the rise in astrocytes. In addition, agonist BzATP emulated the effects of mechanical strain both in vivo and in vitro. Although BzATP and BBG can act at other P2 receptors (Bo et al. 2003; Wildman et al. 2003) , A839977 is more selective (Honore et al. 2009 ). In addition, the reduced IL-6 response in P2X7 À/À mice in vivo, and in optic nerve head astrocytes isolated from the P2X7 À/À mice, implicated the P2X7 receptor in linking the mechanical strain to the IL-6 response.
The retinal response resembles that in cultured microglia, where the P2X7 receptor triggers IL-6 mRNA up-regulation and release of the cytokine (Shieh et al. 2014) . While the use of agonists, antagonists, and knockout mice together imply the P2X7 receptor makes a substantial contribution to the mechanosensitive IL-6 response, a contribution from other P2 receptors cannot be ruled out in this study, and other P2 receptors have been linked to IL-6 (Shigemoto-Mogami et al. 2001; Inoue et al. 2007; Kawano et al. 2015) . A study of the same P2X7 À/À mice used here found that while most of the peritoneal rise in IL-6 accompanying ATP injection was eliminated in the knockout mice, the residual response may have reflected action of additional receptors, with P2Y receptors suggested as a possible source (Solle et al. 2001) . The increased expression of the P2Y6 receptor in retinas exposed to transient pressure elevation in Figure S2 is interesting, but as the agonist for this receptor is UDP, and ATP itself has little affinity, activation of this receptor by ATP released after elevated pressure is likely to be complex (Communi et al. 1996; Satrawaha et al. 2011) . It is also not clear whether the response is direct or reflects a secondary response to IL-1b release, as IL-1b can lead to up-regulation of IL-6 expression (Cadman et al. 1994) . Experiments are currently underway to determine whether stimulation of the P2X7 receptor leads to IL-1b release.
In addition to the up-regulation of IL-6 message and protein levels, mechanical strain and the P2X7 receptor also triggered a rapid release of IL-6 from astrocytes and retinal ganglion cells. The P2X7 receptor is a ligand gated nonselective cation channel, and its stimulation raises intracellular calcium in both astrocytes and retinal ganglion cells (Xia et al. 2012; Beckel et al. 2014) . The vesicular release of IL-6 from spinal cord is calcium dependent (Codeluppi et al. 2014) , and the time course of the IL-6 release above implies the signaling mechanisms are distinct from those involved in transcriptional up-regulation. While the increased expression of IL-6 would provide more IL-6 for release upon later stimulation, this complex positive feedback pathway was not investigated in this study.
Separating mechanical strain from cell death and the P2X7 receptor The data here indicate that P2X7 receptor was involved in the increase in IL-6 after a transient non-ischemic elevation in IOP. We used this model because it was reported to induce little cell death (Morrison et al. 2010 (Morrison et al. , 2014 Abbott et al. 2014; Crowston et al. 2015) . This enabled us to distinguish between responses resulting from mechanical strain and those because of cell death; the lack of response in genes ANAX3, BAX or CCND1, associated with apoptosis or extreme stress, suggest this distinction was largely achieved. In a variant of the rat model in which IOP was raised to 50 mmHg for 8 h, there was no substantial retinal ganglion cell loss or decreases in axon transport (Abbott et al. 2014) . Elevation of mouse IOP to 50 mmHg for 30 min led to a transient reduction in the photopic negative response (PhNR), attributed largely to retinal ganglion cell function, although the number of ganglion cells was not reduced when examined 7 days later Crowston et al. 2015) . Presumably, the maintenance of retinal blood flow prevents the retinal ganglion cells loss associated with more ischemic models (Zhi et al. 2012) . Overall this suggests that the robust IL-6 response, and the stimulation of the P2X7 receptor which precedes it, are distinct from cell death.
Relevant cell types
Our in vivo experiments identified elevated IL-6 mRNA and IL-6 protein using material from the entire retina. The optic nerve head is the focus of the mechanical forces induced upon elevation of IOP (Downs 2015) , and the in vitro experiments clearly demonstrate a rise in IL-6 expression in optic nerve head astrocytes, consistent with previous findings of a large rise in optic nerve head IL-6 in response to IOP elevation . However, the optic nerve head tissue is a minor component of the retina and it is likely that other cell types contribute to the rise in IL-6 expression found in the whole tissue. While the restricted levels of cell material in panned retinal ganglion cells precluded reliable molecular analysis of IL-6 levels in this study, the cells are also likely to contribute. The increased expression of IL-6 1 day after IOP elevation using the laser photocoagulation model co-localized with amyloid precursor protein, a marker of fast axonal transport, and suggested the axonal transport of IL-6 synthesized in retinal ganglion cells was impeded with increased IOP (Chidlow et al. 2012) . This may relate to a more recent study in which IL-6 increased with age in the proximal optic nerve of DBA mice, and correlated with the loss of axonal transport (Wilson et al. 2015) . The predicted involvement of microglial cells here is complex; cultured retinal microglia released IL-6 when subjected to hydrostatic pressure increase (Sappington et al. 2006) , while activated microglial cells were observed in vivo only 1 week after elevation of IOP but not at earlier time points (Kezic et al. 2013) . Future experiments are needed to understand the role of microglial cells given their responsiveness to extracellular ATP (Franke et al. 2007) .
Physiological implications
While the results from this study clearly demonstrate a role for the P2X7 receptor in the up-regulation and release of IL-6, the physiological implications will depend upon the cell types involved, the conditions that lead to the response, and whether the resulting IL-6 mediates protective or detrimental effects. IL-6 signaling is complex; although IL-6 is traditionally described as a 'pro-inflammatory' cytokine, it can be both protective and pathological in neural tissues (Spooren et al. 2011) . Expression of IL-6 in cortical astrocytes confers protection from focal injury in neural tissue (Penkowa et al. 2003) . In the retina, several groups have identified protective actions by IL-6 and suggested it is an early protective response. The death of retinal ganglion cells following increased hydrostatic pressure was prevented by IL-6 (Sappington et al. 2006) , and IL-6 enhanced neurogenesis in retinal ganglion cells (Chidlow et al. 2012) . If IL-6 represents an early response to protect neurons, then this study suggests that the mechanosensitive release of ATP through pannexin hemichannels and autostimulation of P2X7 receptors that lead to the increased IL-6 response may also be protective, at least in young healthy tissue. This would add to the increasing recognition of the P2X7 receptor as more than just a 'death receptor' in neural tissues.
Conclusion
In conclusion, this study demonstrates a role for the P2X7 receptor in linking mechanical strain to up-regulation and release of cytokine IL-6 in the retina. Involvement of the P2X7 receptor was demonstrated both in vivo and in vitro in astrocytes and neurons. As IL-6 has many protective effects in the retina, this study may consequently identify a beneficial role of the P2X7 receptor in neural tissues. Given the emerging relationship between cytokines and mechanical strain in TBI, this study suggests further investigation of the P2X7 receptor in TBI is warranted.
Portions of this work have appeared in abstract form (Lim et al. 2011; Lu et al. 2011 Lu et al. , 2013 .
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